587th MEETING, DUNDEE 283 the same magnitude as the relative decrease in albumin-synthesis rates. A decrease in the number of albumin-synthesizing polyribosomes suggested a loss in the amount of active albumin mRNA. This possibility was investigated directly by examining albumin mRNA contents in livers of normal, diabetic and insulin-treated diabetic rats. The amount of albumin mRNA, whether assayed by cell-free translation or by hybridization to a specific complementary DNA probe, was markedly decreased in livers of diabetic animals and was restored to normal values by insulin treatment. These changes occurred in parallel with changes in the rates of albumin secretion observed in perfused liver, suggesting that albumin mRNA content is the primary factor responsible for altering rates of albumin synthesis under these conditions. The half-life of hepatic albumin mRNA was estimated by kinetic analysis of the time course of changes in albumin mRNA content in uiuo aRer alloxan treatment of normal rats or insulin treatment of diabetic rats. These analyses indicated that the half-life of albumin mRNA was approx. 21 h both aRer the removal and after the administration of insulin. Thus the marked decrease in albumin mRNA in livers of diabetic rats was not due to an alteration in the half-life of albumin mRNA. These observations suggested that the major defect in livers of diabetic rats with regard to albumin production is associated with transcription of the albumin gene or with processing of albumin mRNA precursors.
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The effects of hypophysectomy and subsequent growthhormone treatment on albumin and total hepatic protein synthesis were also investigated in perfused rat liver (Feldhoff et al., 1977) . Hypophysectomy resulted in a 5096 decrease in the rate of total protein synthesis and a 5096 decrease in the relative rate of albumin synthesis. Growth hormone, administered to hypophysectomized rats for 5 days, restored the relative rate of albumin synthesis to normal values. The decrease in albumin synthesis aRer hypophysectomy was accompanied by a proportional decline in the number of albumin-synthesizing polyribosomes, as determined by the binding of '251-labelled antialbumin antibody, and indirect immunoprecipitation of [ 3Hlleucine-labelled albumin-synthesizing polyribosomes (Keller & Taylor, 1976) . The size of the specific albumin-synthesizing polyribosomes, as well as the size of the total polyribosomes, however, was unchanged aRer hypophysectomy. The implication of these observations was that the relative amount of albumin mRNA would be decreased by 50% after hypophysectomy, and this was confirmed by cell-free translation (Keller & Taylor, 1976) and by hybridization to a specific complementary DNA probe (Keller & Taylor, 1979) .
Thyroidectomy of rats also resulted in a 50% decrease in albumin synthesis by the perfused rat liver (Peavy et al., 1979) . Analyses similar to those used in the study of diabetes and hypophysectomy (see above) indicated that this decrease was not associated with an alteration in the translational processes of peptide-chain initiation and elongation. Furthermore, in contrast with diabetes and hypophysectomy, the decrease was not due to an alteration in the amount of albumin mRNA. Thus a different defect, perhaps involving the utilization of albumin mRNA, must account for the lowered rate of albumin synthesis in the thyroidectomized rat.
Overall, these studies demonstrate three major control mechanisms involved in the control of protein synthesis by hormones and nutritional factors. These include alterations in the number of ribosomes, the rate of peptide-chain initiation and the content of specific mRNA species. The primary mechanism involved in the action of an individual hormone or nutrient can vary from one tissue to another, and can be influenced by time of exposure and presence of other regulatory agents. The use of isolated perfused tissue preparations has permitted the resolution of some of these interactions and, in some instances, has led to the demonstration of direct effects on these major control processes.
tissues respond to a change in environment such as nutritional state? Secondly, how do these responses of individual tissues contribute to the overall response of the whole animal? Rates of protein synthesis have been determined for most tissues of the young rat ( Table 1) . We usually express synthesis as a fractional rate (ks), i.e. the proportion of the protein pool that is synthesized each day. The range of fractional synthesis rates between different tissues is striking. The mucosa of the small intestine is synthesizing protein ten times faster than skeletal muscle. In assessing the importance of an individual tissue to the animal as a whole, however, we have expressed the synthesis rates as absolute rates (g of protein synthesized per organ per day). These are simply the fractional synthesis rates multiplied Vol. 8 by the amounts of protein in each tissue. It is apparent that a tissue can make an appreciable contribution to whole-body protein synthesis if either the fractional rate of synthesis is high (as in liver or gut) or the size of the protein pool is large (as in muscle). Because of their relatively large contributions to whole-body synthesis, three tissues have been selected for discussion, namely muscle, liver and small intestine.
In muscle, starvation, protein deprivation and diabetes all produce a severe inhibition of protein synthesis ( Table 2) . The rates of protein synthesis have been estimated from the rates of incorporation of label during constant infusion of 14Cltyrosine over 6 h (Garlick & Marshall, 1972) . The specific radioactivity of free tyrosine within each tissue was taken to be representative of the specific radioactivity of the precursor amino acid. Since in muscle the specific radioactivity of the tissue tyrosine is not very different from that of the plasma, the assumption that tissue tyrosine represents the true precursor is not likely to produce a substantial error (Waterlow et al., 1978) . Table 3 shows the amount of protein that has been synthesized per day per mg of RNA. Because in muscle the majority of RNA is (Millward et al., 1976) . Measurement of protein synthesis in liver is rather more complicated than in muscle. The liver is synthesizing not only hepatic proteins, but also several proteins that are secreted into plasma. These two components of liver synthesis may respond differently to altered conditions. In addition, in tracer studies the specific radioactivity of the precursor amino acid in the plasma is quite different from that in the tissue, and doubt about which represents the true precursor for protein synthesis becomes important. Results from a number of studies on the effect of protein deprivation on protein synthesis in liver illustrate the extent of these complications. Measurement of non-secreted hepatic proteins indicated an increased rate of synthesis during protein deprivation (Waterlow & Stephen, 1968 Garlick, 19806) . The rate of non-secreted (cellular) protein synthesis was obtained from the difference between total liver synthesis and tota1 plasma protein synthesis (see the text). Albumin synthesis as a proportion of total synthesis in the liver was obtained by an immunoprecipitation procedure (Pain et a[., 1978a,b) . This proportion, also expressed as % of the proportion in control groups, reflects the changes in albumin synthesis relative to the total. synthesis suggested that the latter was decreased (Morgan & Peters, 1971; Conde & Scornik, 1976) . Analysis of polyribosome profiles has also suggested a decreased rate of protein synthesis (Munro et al., 1975) . In addition, a selective decrease in the synthesis of plasma albumin as a proportion of total liver synthesis has been reported (Morgan & Peters, 197 1; Pain et al., 1978~) . However it is unlikely that the magnitude of this effect is sufficient to explain the conflicting results.
A method has been developed for measuring the rate of liver protein synthesis which uses a single injection of a large (non-tracer) amount of labelled amino acid to flood all amino acid pools to nearly the same specific radioactivity throughout (McNurlan er al., 1979) . This minimizes the problem of measuring the specific radioactivity of the free amino acid at the site of protein synthesis. Because incorporation was measured over only IOmin, the label in plasma proteins had not been secreted; consequently, total liver synthesis was assessed. As shown in Table 2 , starvation, protein deprivation and diabetes all depressed the rate of total protein synthesis in liver. In starvation the lower rate of synthesis could be explained by a loss of RNA, as shown by the fact that synthesis per unit of RNA was unchanged (Table 3) . By contrast, in protein deprivation the decrease in the rate of synthesis was associated with a lower rate of synthesis per unit of RNA, and there was no loss of amount of RNA. In diabetes there was an even greater fall in synthesis rate, which was accompanied by a decrease in both the amount of RNA and the rate of synthesis per unit of RNA. In addition, Table 2 illustrates the selective decrease in albumin synthesis relative to total synthesis, which took place in protein deprivation and diabetes, but not during starvation. In a separate experiment, which assessed the amount of label secreted into plasma, the synthesis of the other plasma proteins was shown to be unchanged relative to total liver protein synthesis. Calculation of the overall rate of synthesis of non-secreted liver proteins from the values for total liver and plasma protein synthesis shows that this rate also fell in each of the conditions studied.
Mortimore and co-workers (see Mortimore & Neely, 1975 ) have shown that, in perfused liver, insulin and high concentrations of amino acids do not have much effect on the rate of protein synthesis. Hence, the decreases in protein synthesis brought about by changes in diet and diabetes are probably not the immediate result of lack of insulin or altered concentrations of free amino acids.
Measurement of the rate of protein synthesis in intestine is a particular problem, in that definition of the specific radioactivity of the precursor amino acid is even more difficult than in liver. However, we have shown that the large-dose method is advantageous for this tissue (McNurlan et al., 1979) . Results for the mucosa and serosa of the jejunum obtained with this method are shown in Table 2 . Diabetes had no effect on the rate of synthesis in either the mucosa or the serosa. However, 9 days of protein deprivation produced a decrease in synthesis in both. Similarly, 2 days of starvation resulted in a decrease in protein synthesis in mucosa (that in serosa was not measured). Interestingly, in the intestine, which receives the full impact of absorbed nutrients, rates of protein synthesis are less responsive than those in liver or muscle to dietary changes. The unaltered rates during diabetes suggest that intestine is either insensitive t o insulin, or that synthesis is maintained as a consequence of the elevated food intake that was observed in these rats.
In the jejunal mucosa, like liver, the decrease in protein synthesis was associated in starvation with a decrease in RNA content, but in protein deprivation with a decrease in the rate of synthesis per unit of RNA. This contrasts with the response in the muscle layer (serosa), which was unlike that in either the mucosa or skeletal muscle. The fall in the rate of protein synthesis in protein deprivation could be entirely accounted for by lower RNA contents, with maintenance of the rate of synthesis per unit of RNA.
Thus dietary deficiency results in lower rates of protein synthesis in muscle, liver and intenstine, whereas diabetes causes a decrease in synthesis in only muscle and liver. The relationship between these changes and the amount and efficiency of the protein-synthesizing apparatus (rRNA) is, however, different in each case. Large decreases (50% or greater) in the rate of synthesis, as were observed in muscle with all treatments and in the liver of diabetic rats, are always accompanied by both a fall in the amount of RNA and a fall in the functional efficiency of what remains. Smaller changes in synthesis, however, appear to be accompanied either by a change in RNA level or by a fall in RNA efficiency, but not by both.
